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Abstract. Analysis of directed flow (v1) of protons, antiprotons and pions in heavy-ion collisions is per-
formed in the range of collision energies
√
sNN = 2.7–39 GeV. Simulations have been done within a
three-fluid model employing a purely hadronic equation of state (EoS) and two versions of the EoS with
deconfinement transitions: a first-order phase transition and a smooth crossover transition. The crossover
EoS is unambiguously preferable for the description of the most part of experimental data in this energy
range. The directed flow indicates that the crossover deconfinement transition takes place in semicentral
Au+Au collisions in a wide range of collision energies 4 ∼<
√
sNN ∼< 30 GeV. The obtained results suggest
that the deconfinement EoS’s in the quark-gluon sector should be stiffer at high baryon densities than
those used in the calculation. The latter finding is in agreement with that discussed in astrophysics.
PACS. 25.75.-q , 25.75.Nq, 24.10.Nz
1 Introduction
The directed flow [1] is one of the key observables in heavy
ion collisions. Nowadays it is defined as the first coeffi-
cient, v1, in the Fourier expansion of a particle distribu-
tion, d2N/dy dφ, in azimuthal angle φ with respect to the
reaction plane [2,3]
d2N
dy dφ
=
dN
dy
(
1 +
∞∑
n=1
2 vn(y) cos(nφ)
)
, (1)
where y is the longitudinal rapidity of a particle. The di-
rected flow is mainly formed at an early (compression)
stage of the collisions and hence is sensitive to early pres-
sure gradients in the evolving nuclear matter [4,5]. As the
EoS is harder, stronger pressure is developed. Thus the
directed flow probes the stiffness of the nuclear EoS at
the early stage of nuclear collisions [6], which is of prime
interest for heavy-ion research.
In Refs. [7,8,9], a significant reduction of the directed
flow in the first-order phase transition to the quark-gluon
phase (QGP) (the so-called ”softest-point” effect) was pre-
dicted, which results from decreasing the pressure gradi-
ents in the mixed phase as compared to those in pure
hadronic and quark-gluon phases. It was further predicted
[10,11,12] that the directed flow as a function of rapid-
ity exhibits a wiggle near the midrapidity with a nega-
tive slope near the midrapidity, when the incident energy
is in the range corresponding to onset of the first-order
phase transition. Thus, the wiggle near the midrapidity
and the wiggle-like behavior of the excitation function of
the midrapidity v1 slope were put forward as a signature of
the QGP phase transition. However, the QGP EoS is not a
necessarily prerequisite for occurrence of the midrapidity
v1 wiggle [13]: A certain combination of space-momentum
correlations may result in a negative slope in the rapidity
dependence of the directed flow in high-energy nucleus-
nucleus collisions.
The directed flow of identified hadrons—protons, an-
tiprotons, positive and negative pions—in Au+Au colli-
sions was recently measured in the energy range
√
sNN
=(7.7-39) GeV by the STAR collaboration within the frame-
work of the beam energy scan (BES) program at the BNL
Relativistic Heavy Ion Collider (RHIC)[14]. These data
have been already discussed in Refs. [15,16,17]. The Frank-
furt group [15] did not succeed to describe the data and
to obtain conclusive results. Within a hybrid approach
[18], the authors found that there is no sensitivity of the
directed flow on the EoS and, in particular, on the occur-
rence of a first-order phase transition. One of the possi-
ble reasons of this result can be that the initial stage of
the collision in all scenarios is described within the Ultra-
relativistic Quantum Molecular Dynamics (UrQMD) [19]
in the hybrid approach. However, this initial stage does
not solely determine the final directed flow because the
UrQMD results still differ from those obtained within the
hybrid approach [18].
In Refs. [16,17] the new STAR data were analyzed
within two complementary approaches: kinetic transport
approaches of the parton-hadron string dynamics (PHSD)
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[20] and its purely hadronic version (HSD) [21]), and a
hydrodynamic approach of the relativistic three-fluid dy-
namics (3FD) [22,23]. In contrast to other observables, the
directed flow was found to be very sensitive to the accu-
racy settings of the numerical scheme. Accurate calcula-
tions require a very high memory and computation time.
Due to this reason in Refs. [16,17] we failed to perform
calculations for energies above
√
sNN = 30 GeV within
the 3FD model.
In the present paper we extend the analysis performed
in Refs. [16,17] within the 3FD model. We succeeded to
perform simulations at
√
sNN = 39 GeV, which allow us
to strengthen conclusions on the relevance of used EoS’s,
in particular, on the stiffness of the EoS at high baryon
densities in the QGP sector and outline the range of the
crossover transition to the QGP in terms of collision en-
ergy.
2 The 3FD model
The 3FD approximation is a minimal way to simulate the
early-stage nonequilibrium state of the colliding nuclei at
high incident energies. The 3FD model [22] describes a
nuclear collision from the stage of the incident cold nuclei
approaching each other, to the final freeze-out stage. Con-
trary to the conventional one-fluid dynamics, where a lo-
cal instantaneous stopping of matter of the colliding nuclei
is assumed, the 3FD considers inter-penetrating counter-
streaming flows of leading baryon-rich matter, which grad-
ually decelerate each other due to mutual friction. The
basic idea of a 3FD approximation to heavy-ion collisions
is that a generally nonequilibrium distribution of baryon-
rich matter at each space-time point can be represented
as a sum of two distinct contributions initially associated
with constituent nucleons of the projectile and target nu-
clei. In addition, newly produced particles, populating pre-
dominantly the midrapidity region, are attributed to a
third, so-called fireball fluid that is governed by the net-
baryon-free sector of the EoS.
At the final stage of the collision the p- and t-fluids are
either spatially separated or mutually stopped and unified,
while the f-fluid, predominantly located in the midrapid-
ity region, keeps its identity and still overlaps with the
baryon-rich fluids to a lesser (at high energies) or greater
(at lower energies) extent. In particular, the friction be-
tween the baryon-rich and net-baryon-free fluids is the
only source of dissipation at this final stage because each
separate fluid is described by equations of the ideal hy-
drodynamics with the right-hand sides containing friction
with other fluids. All the observables in the 3FD model
are composed of contributions from all three fluids. Of
course, relative fractions of these contributions depend on
multiple factors, in particular, on the rapidity range. The
freeze-out is performed accordingly to the procedure de-
scribed in Ref. [22] and in more detail in Refs. [24,25]. This
is a so-call modified Milekhin scheme that conserves the
energy, momentum and baryon number. The freeze-out
criterion is based on a local energy density, εtot, defined as
a sum of contributions from all (p-, t- and f-) fluids being
present in a local space-time region. The freeze-out pro-
cedure starts if εtot < εfrz. The freeze-out energy density
εfrz = 0.4 GeV/fm
3 was chosen mostly on the condition
of the best reproduction of secondary particle yields.
Different EoS’s can be implemented in the 3FD model.
A key point is that the 3FD model is able to treat a de-
confinement transition at the early nonequilibrium stage
of the collision, when the directed flow is mainly formed.
In this work we apply a purely hadronic EoS [26], an EoS
with a crossover transition as constructed in Ref. [27] and
an EoS with a first-order phase transition into the QGP
[27]. These are illustrated in Fig. 1. Note that an onset
of deconfinement in the 2-phase EoS takes place at rather
high baryon densities, above n ∼ 8 n0. In EoS’s compati-
ble with constraints on the occurrence of the quark mat-
ter phase in massive neutron stars, the phase coexistence
starts at about 4 n0 [28]. As it will be seen below, this
excessive softness of the deconfinement EoS’s of Ref. [27]
is an obstacle for proper reproduction of the directed flow
at high collision energies.
T=10, 100, 200 MeV
crossover EoS
2-phase EoS
hadr. EoS
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Fig. 1. Pressure scaled by the product of normal nuclear den-
sity (n0 = 0.15 fm
−3) and nucleon mass (mN) versus baryon
density (scaled by n0) for three considered EoS’s. Results are
presented for three different temperatures T = 10, 100 and 200
MeV (bottom-up for corresponding curves).
In recent papers [23,29,30,31,32,33,34] a large variety
of bulk observables has been analyzed with these three
EoS’s: the baryon stopping [23,31], yields of different hadrons,
their rapidity and transverse momentum distributions [29,
30,32], the elliptic flow of various species [33,34]. This
analysis has been done in the same range of incident ener-
gies as that in the present paper. Comparison with avail-
able data indicated a definite advantage of the deconfine-
ment scenarios over the purely hadronic one especially at
high collision energies. As an example, excitation func-
tions of average transverse masses (〈mT 〉−m) of protons,
antiprotons and pions are presented in Fig. 2. This quan-
tity characterizes the transverse radial flow in the reac-
tion and hence is relevant to the directed flow discussed
here. In Fig. 2 the 3FD results on 〈mT 〉 are confronted
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Fig. 2. Average transverse mass (minus particle mass) at
midrapidity of protons (p), antiprotons (p¯) and pions (pi) from
central (b = 2 fm) Au+Au collisions as functions of the collision
energy. Experimental data are taken from Refs. [35,36,37,38,
39] for AGS, [40,41,42,43] for SPS and [44] for BES-RHIC
energies.
to old AGS/SPS data [35,36,37,38,39,40,41,42,43] and
also compared with new data from the STAR collabora-
tion [44]. On the average, the crossover scenario still looks
preferable, though these new STAR data are somewhat
below those from SPS (for protons and antiprotons). It
could seem that the crossover and hadronic scenarios re-
produce (or fail to reproduce) the antiproton STAR data
to the same extent. However, the slope of the crossover
curve is definitely more adequate to the data. The first-
order-transition scenario certainly fails for protons in the
energy region where onset of deconfinement takes place in
this EoS. The observed step-like behavior of the 〈mT 〉 exci-
tation functions originates from peculiarities of the freeze-
out in the 3FD model, as it is discussed in Ref. [30] in de-
tail. The physical pattern behind this freeze-out resembles
the process of expansion of compressed and heated classi-
cal fluid into vacuum, mechanisms of which were studied
both experimentally and theoretically. The freeze-out is
associated with evaporation from the surface of the ex-
panding fluid and sometimes with the explosive transfor-
mation of the strongly superheated fluid to the gas.
The physical input of the present 3FD calculations is
described in detail in Ref. [23].
3 Results
The 3FD simulations were performed for mid-central Au+Au
collisions, i.e. at impact parameter b = 6 fm. In Ref. [45]
the values of the impact parameter corresponding to the
experimental range of 10–40% most central collisions were
obtained using a Monte-Carlo Glauber calculation. The
range of b ≈ 4.7–9.4 fm was found. This range manifested
very weak collision-energy dependence. The mean value
of this range is 〈b〉 ≈ 7 fm, which is usually used for
representative calculations for this centrality bin, see e.g.
PHSD/HSD calculations in Ref. [16]. The Glauber cal-
culation [45] was based on a Woods-Saxon density profile
with the diffuseness parameter ≈0.5 fm and resulted in the
total hadronic cross-section for Au+Au collisions σAA ≃
720 barns. Within the 3FD model the initial nuclei are
represented by sharp-edged spheres, i.e. with zero diffuse-
ness. This is done for stability of the incident nuclei before
collision [22]. Under this approximation the total hadronic
Au+Au cross-section turns out to be σ3FDAA ≃ 580 barns.
Therefore, we have to accordingly scale the mean value of
the impact parameter as 〈b3FD〉 ≈ 〈b〉(σ3FDAA /σAA)1/2 ≈ 6
fm. This justifies our choice of the representative b. Fol-
lowing the experimental conditions, the acceptance pT <
2 GeV/c for transverse momentum (pT ) of the produced
particles is applied to all considered hadrons. The directed
flow v1(y) as a function of rapidity y at BES-RHIC bom-
barding energies is presented in Fig. 3 for pions, protons
and antiprotons.
As seen, the first-order-transition scenario gives results
for the proton v1 which strongly differ from those in the
crossover scenario at
√
sNN = 7.7 and 19.6 GeV. This
is in contrast to other bulk observables analyzed so far
[23,29,30,31,32,33,34]. At
√
sNN = 39 GeV the directed
flow of all considered species practically coincidence within
the first-order-transition and crossover scenarios. It means
that the crossover transition to the QGP has been practi-
cally completed at
√
sNN = 39 GeV. It also suggests that
the region 7.7 ≤ √sNN ≤ 30 GeV, where the crossover
EoS provides the best (although not perfect) overall repro-
duction of the STAR data, is the region of the crossover
transition.
The crossover EoS is definitely the best in reproduc-
tion of the proton v1(y) at
√
sNN ≤ 20 GeV. However, sur-
prisingly the hadronic scenario becomes preferable for the
proton v1(y) at
√
sNN > 20 GeV. A similar situation takes
place in the PHSD/HSD transport approach. Indeed, pre-
dictions of the HSD model (i.e. without the deconfine-
ment transition) for the proton v1(y) become preferable
at
√
sNN > 30 GeV [16], i.e. at somewhat higher energies
than in the 3FD model. Moreover, the proton v1 predicted
by the UrQMD model, as cited in the experimental paper
[14] and in the recent theoretical work [15], better repro-
duces the proton v1(y) data at high collision energies than
the PHSD and 3FD-deconfinement models do. Note that
the UrQMD model is based on the hadronic dynamics. All
these observations could be considered as an evidence of a
problem in the QGP sector of a EoS. At the same time the
antiproton directed flow at
√
sNN > 10 GeV definitely in-
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Fig. 3. The directed flow v1(y) for protons, antiprotons
and pions from mid-central (b = 6 fm) Au+Au collisions at√
sNN = 7.7–39 GeV calculated with different EoS’s. Experi-
mental data are from the STAR collaboration [14].
dicates a preference of the crossover scenario within both
the PHSD/HSD and 3FD approaches.
This puzzle has a natural resolution within the 3FD
model. The the QGP sector of the EoS’s with deconfine-
ment [27] was fitted to the lattice QCD data at zero net-
baryon density and just extrapolated to nonzero baryon
densities. The protons mainly originate from baryon-rich
fluids that are governed by the EoS at finite baryon den-
sities. The too strong proton antiflow within the crossover
scenario at
√
sNN > 20 GeV is a sign of too soft QGP
EoS at high baryon densities. In general, the antiflow or
a weak flow indicates softness of an EoS [6,7,8,9,10,11,
12,13]. Predictions of the first-order-transition EoS, the
QGP sector of which is constructed in the same way as
that of the crossover one, fail even at lower collision en-
ergies, when the QGP starts to dominate in the collision
dynamics, i.e. at
√
sNN ∼> 15 GeV. This fact also supports
the conjecture on a too soft QGP sector at high baryon
densities in the used EoS’s.
At the same time, the net-baryon-free (fireball) fluid
is governed by the EoS at zero net-baryon density. This
fluid is a main source of antiprotons (more than 80% near
midrapidity at
√
sNN > 20 GeV and b = 6 fm), v1(y)
of which is in good agreement with the data at
√
sNN >
20 GeV within the crossover scenario and even in perfect
agreement – within the first-order-transition scenario at√
sNN = 39 GeV. It is encouraging because at zero net-
baryon density the QGP sector of the EoS’s is fitted to
the lattice QCD data and therefore can be trusted. The
crossover scenario, as well as all other scenarios, definitely
fails to reproduce the antiproton v1(y) data at 7.7 GeV.
The reason is low multiplicity of produced antiprotons.
The antiproton multiplicity in the mid-central (b = 6 fm)
Au+Au collision at 7.7 Gev is 1 within the deconfinement
scenarios and 3 within the hadronic scenario. Therefore,
the hydrodynamical approach based on the grand canoni-
cal ensemble is certainly inapplicable to the antiprotons in
this case. The grand canonical ensemble, with respect to
conservation laws, gives a satisfactory description of abun-
dant particle production in heavy ion collisions. However,
when applying the statistical treatment to rare probes one
needs to treat the conservation laws exactly, that is the
canonical approach. The exact conservation of quantum
numbers is known to reduce the phase space available for
particle production due to additional constraints appear-
ing through requirements of local quantum number con-
servation. An example of applying the canonical approach
to the strangeness production can be found in [46] an ref-
erences therein.
The pions are produced from all fluids: near midrapid-
ity ∼ 60% from the baryon-rich fluids and ∼ 40% from
the net-baryon-free one at
√
sNN > 20 GeV. Hence, the
disagreement of the pion v1 with data, resulting from re-
dundant softness of the QGP EoS at high baryon densities,
is moderate at
√
sNN > 20 GeV. In general, the pion v1
is less sensitive to the EoS as compared to the proton and
antiproton ones. As seen from Fig. 3, the deconfinement
scenarios are definitely preferable for the pion v1(y) at√
sNN < 20 GeV. Though, the hadronic-scenario results
are not too far from the experimental data. At
√
sNN =
39 GeV the hadronic scenario gives even the best descrip-
tion of the pion data because of a higher stiffness of the
hadronic EoS at high baryon densities, as compared with
that in the considered versions of the QGP EoS.
Thus, all the analyzed data testify in favor of a harder
QGP EoS at high baryon densities than those used in the
simulations, i.e. the desired QGP EoS should be closer to
the used hadronic EoS at the same baryon densities (see
Fig. 1). At the same time, a moderate softenning of the
QGP EoS at moderately high baryon densities is agree-
ment with data at 7.7 ∼<
√
sNN ∼< 20 GeV.
Here it is appropriate to mention a discussion on the
QGP EoS in astrophysics. In Ref. [47] it was demonstrated
that the QGP EoS can be almost indistinguishable from
the hadronic EoS at high baryon densities relevant to neu-
tron stars. In particular, this gives a possibility to explain
hybrid stars with masses up to about 2 solar masses (M⊙),
in such a way that “hybrid stars masquerade as neutron
stars” [47]. The discussion of such a possibility has been
revived after measurements on two binary pulsars PSR
J1614-2230 [48] and PSR J0348+0432 [49] resulted in the
pulsar masses of (1.97±0.04)M⊙ and (2.01±0.04)M⊙, re-
spectively. The obtained results on the directed flow give
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us another indication of a required hardening of the QGP
EoS at high baryon densities.
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The slope of the directed flow at the midrapidity is of-
ten used to quantify variation of the directed flow with col-
lision energy. The excitation functions for the slopes of the
v1 distributions at midrapidity are summarized in Fig. 4,
where earlier experimental results from the AGS [50] and
SPS [51] are also presented. As noted above, the best
reproduction of the data is achieved with the crossover
EoS. The proton dv1/dy within the first-order-transition
scenario exhibits a wiggle earlier predicted in Refs. [8,9,
11,12]. The first-order-transition results demonstrate the
worst agreement with the proton and antiproton data on
dv1/dy. The discrepancies between experiment and the
3FD predictions are smaller for the purely hadronic EoS,
however, the agreement for the crossover EoS is definitely
better though it is far from being perfect. As seen from
Fig. 4, the rising transparency of colliding nuclei makes
the proton v1 slope to be close to zero even for compara-
tively hard hadronic EoS.
The above discussed problems of the crossover scenario
reveal themselves also in the dv1/dy plot. At high en-
ergies (
√
sNN > 20 GeV), the slopes also indicate that
the used deconfinement EoS’s in the quark-gluon sector
at zero baryon chemical potential are quite suitable for
reproduction of the antiproton dv1/dy while those at high
baryon densities (proton slope) should be stiffer in order to
achieve better description of proton dv1/dy. A combined
effect of this excessive softness of the QGP EoS and the
reducing baryon stopping results in more and more nega-
tive proton slopes at high collision energies. This is in line
with the mechanism discussed in Ref. [13]. The pion flow
partially follows the proton pattern, as discussed above.
Therefore, the pion v1 slope also becomes more negative
with energy rise. As for the poor reproduction of the pro-
ton v1 slope at low energies (
√
sNN < 5 GeV), it is still
questionable because the same data but in terms of the
transverse in-plane momentum, 〈Px〉, are almost perfectly
reproduced by the crossover scenario [17]. It is difficult
to indicate the beginning of the crossover transition be-
cause the crossover results become preferable beginning
with relatively low collision energies (
√
sNN > 3 GeV).
However, the beginning of the crossover transition can be
approximately pointed out as
√
sNN ≃ 4 GeV.
Of course, the 3FD model does not include all factors
determining the directed flow. Initial-state fluctuations,
which in particular make the directed flow to be nonzero
even at midrapidity, are out of the scope of the 3FD ap-
proach. Apparently, these fluctuations can essentially af-
fect the directed flow at high collision energies, when the
experimental flow itself is very weak. Another point is
so-called afterburner, i.e. the kinetic evolution after the
the hydrodynamical freeze-out. This stage is absent in the
conventional version of the 3FD. Recently Iu. Karpenko
constructed an event generator based on the output of
the 3FD model. Thus constructed particle ensemble can
be further evolved within the UrQMD model. Preliminary
results [52] show that such kind of the afterburner mainly
affects the pion v1 at peripheral rapidities. At
√
sNN < 5
GeV, the midrapidity region of the pion v1 is also affected.
4 Conclusions
In conclusion, the crossover EoS is unambiguously prefer-
able for the the most part of experimental data in the con-
sidered energy range, though this description is not per-
fect. Based on the crossover EoS of Ref. [27], the directed
flow in semicentral Au+Au collisions indicates that the
crossover deconfinement transition takes place in the wide
range incident energies 4 ∼<
√
sNN ∼< 30 GeV. In part, this
wide range could be a consequence of that the crossover
transition constructed in Ref. [27] is very smooth. In this
respect, this version of the crossover EoS certainly contra-
dicts results of the lattice QCD calculations, where a fast
crossover, at least at zero chemical potential, was found
[53].
At highest computed energies of
√
sNN > 20 GeV, the
obtained results indicate that the deconfinement EoS’s in
the QGP sector should be stiffer at high baryon densities
than those used in the calculation, i.e. more similar to
the purely hadronic EoS. This observation is in agreement
with that discussed in astrophysics.
In view of this similarity of the QGP and hadronic
EoS’s at high baryon densities a question arises if we can
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use the directed flow to detect the deconfinement tran-
sition. Qualitatively, a wiggle in the excitation function
of the net-proton v1 slope could be a signal of the QGP
formation. This signal is unavoidable because of the EoS
softening in the transition range from hadronic phase to
the QGP. In fact, such a weak wiggle is observed in the
STAR data [14]. However, this signal is still ambiguous be-
cause the corresponding antiflow can be of pure hadronic
nature, as it was pointed out in Ref. [13]. Therefore, we
are left with a routine way of comparing predictions of
various EoS’s (with and without deconfinement) with the
v1 experimental data. This will hopefully give us a reliable
evidence on the QGP formation.
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